In order to improve the steering performance of commercial vehicles, this paper investigates a novel electro-hydraulic coupling steering (EHCS) system based on the electric power steering (EPS) system and the hydraulic power steering (HPS) system. A hierarchical strategy is proposed for the EHCS system, including a mode judgment controller, an assistance controller and an alignment controller. Fuzzy rules are established in the assistance controller to match the electric and hydraulic power assistance curves, so as to achieve a good assistance effect. The proposed EHCS system and its control strategy are validated in the co-simulation of the Simulink and the Trucksim, the results of which indicate a great improvement in the steering portability and self-alignment, compared with the EPS and the HPS.
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Introduction
The hydraulic power steering (HPS) system has been widely used in commercial vehicles and proved to be effective [1] , but its fixed assistance ratio, bad road feeling at high speed and low energy utilization efficiency have hindered further promotion [2] . Electric power steering (EPS) system has been developed to overcome these shortcomings, but its power is not sufficient to meet the needs of commercial vehicles [3] . Electro-hydraulic power steering (EHPS) system, eliminating the drive belt from engine and using the electric motor-driven pump to provide the assist power [4] , also can overcome the shortcomings of HPS theoretically. But for its high cost, it is not a good solution in reality [5] .
In recent years, a novel electro-hydraulic coupling steering (EHCS) system, based on the HPS and EPS, has been proposed to improve the steering performance of the commercial vehicle, which can successfully combines the advantages of the EPS and HPS [6, 7] . Some valuable works have already been done on the EHCS system [8] . A compensation strategy was mentioned in [9] to reduce the influence of load change on driver's steering torque, and a stability controller was put forward in [10] to avoid the instability of commercial vehicles equipped with EHCS when driving at high speed. However, most of studies proposed before focused on the performance verification of the EHCS systems by experimental methods, and lacked of analysis and establishment of the detailed theoretical model. Furthermore, the nonlinear and hysteresis of the EHCS system were always neglected in the control strategy design.
A hierarchical strategy is proposed for the EHCS system, including a mode judgment controller, an assistance controller and an alignment controller. PID control strategy is always used in assistance controller [11] [12] , but is ineffective in control of nonlinear and parameter time-varying system [13] , such as EHCS. For the higher precision of PID control and better dynamic property, the fuzzy PID control strategy is adopted.
To make an effective control over EHCS, and verify its improvements compared with HPS and EPS, the theoretical and simulation models of EHCS are further elaborated in this paper. In addition, a hierarchical strategy of EHCS is also developed based on the analysis of assist characteristics, so as to match the electric and hydraulic power assistance curves.
EHCS system model
In the paper, the EHCS model and the hierarchical control strategy are developed in the Simulink, respectively, while the vehicle dynamics model is established in the Trucksim to further test the steering performance of commercial vehicle with the EHCS Figure 1 The configuration of the whole EHCS system system. The configuration of the whole system is shown in Figure 1 , in which the driver model is set up to obtain the driver's steering torque based on the desired steering angle, so as to simulate the steering operation of the driver. Considering there is a certain regulation in the driver's reaction during steering, the improved driver model proposed in [14] is adopted.
As shown in Figure 1 , the EHCS system can be mainly divided into three parts: electric power device, hydraulic power device and mechanical device.
Electric power model
The components of electric power device in EHCS are basically the same as that of EPS [15] , including a torque sensor, a motor and a gear reduction unite. The equation of assist motor mechanism is expressed as (1) , and the electromagnetic torque m T is directly proportional to the assist current I as shown in equation (2) . The motor's electrical dynamic is given by (3), with the assist torque a T considering the gear reduction unite described as in (4).
Hydraulic power model
A constant-flow hydraulic system is adopted, and the rotary valve is simplified to a Wheatstone bridge [16] . Different from HPS, the opening area of the rotary valve can be controlled by the electric power which is speed-adaptive, instead of the driver's steering torque merely. And the control effect is related to the stiffness of the torsion bar in the rotary valve. Thus, the hydraulic power is influenced by the driver's steering torque, the electric power and the system's parameters. The hydraulic assist force is described as equation (5).
A are the open area of the orifice and play important roles in the evaluation.
is the rotational angle between the spool and the sleeve.
The nonlinear and hysteresis of this part introduce additional control problems for the EHCS
Mechanical model
The mechanical device includes the mechanical pipe string and the recirculating-ball steering gear. The mechanical pipe string transmits steering wheel torque to the torque sensor. At the input axle, the moment of inertia of the steering wheel and the viscous damping are considered:
The steering torque working on the torque sensor is directly proportional to the angular displacement between input axle and output axle as in the following:
The hydraulic power L F , the electric power a T and the driver's steering torque s T work together on the recirculating-ball steering gear to conquer the resistance of the steering system. The resistance Tr in this paper is acquired by the steering simulations in the Trucksim, in which the influences of the vehicle speed, the road environment and the steering angle are both considered. The dynamic formula of recirculating-ball steering gear is shown in (11).
'
Where f F indicates the internal friction of EHCS, and with the deduced displacement x , the steering angle fl  and fr  are defined. 
Design of the controller
In order to improve the steering portability of the EHCS system and maintain a good road feeling at different speeds, a hierarchical strategy is proposed for the EHCS system as shown in Figure 1 , including a mode judgment controller, an assistance controller and an alignment controller.
Mode judgment controller
The mode judgment controller is investigated in the hierarchical strategy to determine the working mode of the EHCS system, i.e., the assistance mode or the alignment mode, according to the driver's input and the actual state of the vehicle. In general, the assistance
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Copyright © by ICEIV mode works first to provide appropriate steering power when steering; after that, the alignment mode works to provide enough aligning moment, so as to make the steering wheel back to the neutral position as quick and accurate as possible. The judgment rule is shown in Figure 2 .
First set the adjustable thresholds a and d , and take the initial value of T to zero. 
 , 1 Flag  and the alignment controller starts to work. Once one of these conditions is not satisfied, T is set to zero, and the alignment controller is turned off.
Assistance controller
The assistance of the EHCS system consists of the electric power provided by the motor and the hydraulic power provided by the hydraulic system, the characteristics of which should be both taken into account in the design of assistance controller.
For the motor, the maximum assistance characteristic curve can be obtained by the maximum steering resistance under stationary steering [17] . On this basis, the assistance characteristic curves at different speeds can also be obtained [18] , as shown in Figure 3 . As the electric power and the driver's steering torque work together to control the rotary valve by twisting the torsion bar, they are regarded as a whole in the design of the hydraulic assist characteristic curve, as shown in Figure 4 . In the actual design process, the opening size of the curve can be varied by adjusting the stiffness of the torsion bar and the flow rate of the hydraulic system based on the actual vehicle test, so as to get desired assistant force.
Figure 3 Electric assist characteristic curve

Figure 4 Hydraulic assist characteristic curve
The fuzzy rules are established in the assistance controller to match the characteristic curves of electric assistance and hydraulic assistance to get final good assistance performance. Furthermore, the nonlinear and the damping characteristic of the EHCS system are also considered in the controller design. One input to the assistance controller are the current error e(s) between the actual current and target current from assist characteristic curve, and the other input is its rate Δe(s). The output is the voltage of motor. The fuzzy rules of the assistance controller are shown in Table 1 to Table 3 , in which Δkp, Δki, and Δkd are, respectively, the adaptive variables of the proportion coefficient kp, integration coefficient ki, and differentiation coefficient kd.
Inputs: e(s), Δe(s); outputs: Δkp, Δki, Δkd; {e(s), Δe(s)}={NB, NM, NS, Z, PS, PM, PB}; {Δkp, Δki, Δkd }={ NB, NM, NS, Z, PS, PM, PB}. The fuzzy rules are determined by a large amount of data and experience. Figure 5 The alignment characteristic curve
Alignment controller
The alignment controller takes the alignment current as a compensation current to the motor, and then motor outputs the alignment torque to quickly and accurately return the steering wheel to the neutral position and eliminate the residual steering wheel angle. The alignment controller only starts to work when all conditions mentioned in mode judgment controller are met. The Figure 5 reflects the desired alignment current under different conditions, which is related to the vehicle speed and steering wheel angle and finally determined by the real-car test.
Simulation tests and analysis
The EHCS system and its control strategy were validated in the co-simulation of the Simulink and the Trucksim. A sine maneuver was first conducted to verify the control effect of the hierarchical strategy, in which the vehicle speed was set to 20 km/h and the steering wheel torque changed with time in sine form. The results of motor current response under PID control and fuzzy PID control are shown in Figure 6 , which indicates that fuzzy strategy designed in the paper improves the tracking characteristics of the motor current.
To further evaluate the electro-hydraulic coupling assist characteristics of the EHCS system, the coupling assistance at different vehicle speed when the driver steering torque varied from 0-6 Nm was simulated and shown in Figure 7 . The required steering torque from the driver at different vehicle speed and steering angle is shown in Figure 8 . The above two simulation results prove that the EHCS, compared with EPS, could effectively improve the steering portability and lights the burden of the driver while maintaining a speedadaptive assistance.
In Trucksim, when the vehicle speed is less than 20Km/h, the simulation results will be inaccurate. So the aligning performance was evaluated by the simulation where the vehicle started with a constant steering torque at a speed of 30 km/h, and then the steering torque was suddenly changed to 0 after entering a steady turn. The changes of the front-wheel angle are illustrated in Figure 9 , which indicates that under the control of the alignment controller, the aligning performance was improved, and the steering wheel could return to the neutral position quickly and without overshoot. 
Conclusions.
This paper elaborates the theoretical and simulation model of EHCS system and proposes a hierarchical strategy to further improve the steering performance of the commercial vehicles. The proposed EHCS system and its control strategy are validated in the cosimulation of the Simulink and the Trucksim. The conclusions can be inferred from the simulation results as: the fuzzy control strategy improves the electrohydraulic coupling assist force response performance under high-frequency steering condition; the final electro-hydraulic coupling assistance can combine the characteristic of the electric and hydraulic assistance, and finally improve the steering portability and road feeling; Compared with EPS and HPS, under the hierarchical strategy, the commercial vehicle loaded with EHCS obtains better assistance effect and selfaligning performance.
